We show that the charge asymmetry in tt production at the LHC, AC , and the forward-backward asymmetry at the Tevatron, AF B , are in general not tightly correlated. They can even have opposite signs, if the underlying new physics (NP) model is general enough. We demonstrate this using two examples of NP: a light axigluon, and a vector that is a color octet and electroweak triplet. The small value of AC measured at the LHC is thus shown not to exclude a NP interpretation of the anomalously large AF B at the Tevatron. We identify two observables where significant NP effects are still expected at the Tevatron and the LHC, the bb production forward-backward asymmetry and spin polarizations of the pair-produced tops and anti-tops.
Introduction.
The forward-backward asymmetry (FBA) in tt production at the Tevatron has been measured by both the CDF [1, 2] and DØ [3] collaborations and found to be significantly larger than the standard model (SM) predictions. The naïve average of the inclusive FBA, adding the uncertainties in quadrature, is A F B = 0.187 ± 0.037 ,
while the NLO QCD prediction [1, 4] including leading electroweak (EW) contributions [5] is A SM F B = 0.07 (2) . Both CDF and DØ have also measured the FBA in bins of m tt and t-t rapidity differences. Only CDF [1, 2] , however, unfolds to the partonic ("truth") level obtaining (2) [1, 4, 5] .
A related observable at the LHC is the charge asymmetry (CA) in tt production, A C . In contrast to the FBA, the measurements of the CA at the LHC agree with the SM expectations. The average of ATLAS [6] and CMS [7] results,
agrees within errors with the SM prediction A SM C = 0.007(1) [4] [5] [6] . Recently, the ATLAS collaboration also presented the first results for the CA binned in m tt [8] A lo C ≡ A C (m tt < 450 GeV) = −0.053 ± 0.088 , (4a) A hi C ≡ A C (m tt > 450 GeV) = −0.008 ± 0.047 , (4b) in agreement with the corresponding SM predictions, A lo C = 0.002 (2) and A hi C = 0.009 (2) [4] [5] [6] . The CA measurements pose a problem for new physics (NP) models addressing the FBA puzzle. Existing NP explanations of the anomalously large FBA predict a non-negligible positive CA at the LHC in tension with data [9, 10] . Should we then conclude that the observed FBA is not due to NP but a statistical fluctuation? Ideally, this would have been resolved with more precise measurements of the FBA. However, since the Tevatron stopped data taking this is no longer possible. The situation therefore needs to be clarified by the LHC.
In this Letter we derive several results relevant for LHC searches probing NP models that can explain the FBA. First of all, we show that sizable NP contributions to the FBA do not in general imply a deviation in the CA at the LHC. We construct a simple modification of a widely discussed axigluon model which now predicts a large positive FBA, a small (or even negative) CA, and is consistent with all present measurements of the relevant tt production and other related collider observables. We also discuss a model with a light vector that is a color octet and an electroweak triplet.
Secondly, in order to obtain a nonzero FBA, the NP degrees of freedom need to couple to tops and light quarks. This means that inevitably there are NP contributions to processes with light quarks or tops in the final state at the LHC. Furthermore, in models where there is little correlation between the CA and FBA, NP will couple with different strength to the different chiralities of quarks. A generic expectation is therefore that tops and antitops produced at the LHC will be partially polarized.
General Considerations. At the partonic level the FBA and CA are both due to the same charge asymmetric part of the→ tt cross-section -the terms that are proportional to the differencet −û of the partonic Mandelstam variables (this was recently used to construct "collider independent" asymmetries [11] ). A rigid positive correlation between the FBA and CA is then obtained in two cases: (i) either the NP contribution in→ tt is due to only one light quark (q = u or d), or signs. This is because pp and pp initial states have different valence structures. At large parton energy fraction τ =ŝ/s, where s is the collider energy squared, the ratio of parton luminosity functions f (uū)/f (dd) at the Tevatron is roughly twice the one at the LHC, where the anti-quarks are non-valence. Both ratios decrease towards 1 at low τ . Since at the LHC smaller values of τ are probed for the same m tt , this further enhances the difference between the Tevatron and the LHC. It is then possible to have simultaneously a large positive FBA and a small CA, if the partonic charge-asymmetry for uū → tt is positive, while it is negative for dd → tt.
The above insight is easiest to check against data in the effective field theory (EFT) approach (we discuss onshell models below). The FBA and CA can be generated from the interference of the leading order SM amplitudes and NP contributions. At O(α S Λ −2 ) there are only two relevant dimension 6 NP operators
where Λ is the NP scale, and C qt A the NP Wilson coefficients. Note that at O(α s Λ −2 ) the NP operators in (5) do not affect the forward-backward symmetric tt crosssection, while they do generate shifts in inclusive FBA and CA
A large FBA and small or negative CA are possible, if C A is required or a correspondingly low NP scale Λ, so the EFT description is likely not valid. However, the generic requirements -a large coupling todd quark currents, andūu contributions of the opposite sign -are expected to apply also to onshell NP models.
In passing we also mention a second effect that breaks the correlation between the FBA and CA. The luminosity functions are falling faster withŝ ∼ m tt at the Tevatron than at the LHC. Therefore it would be theoretically possible that at the LHC a small inclusive CA is due to a cancellation between a positive CA at low m tt and a large negative CA at large m tt (at the Tevatron the positive contribution would dominate). This mechanism would yield FBA and CA falling with m tt in contrast to observations.
We next consider explicit on-shell NP models, and discuss in turn the asymmetric axigluon, and the electroweak triplet of color octet vectors. These models are representative of scenarios where the cancellation in the CA can occur.
Asymmetric Axigluon.
The model is a simple modification of the light axigluon model originally introduced by Tavares and Schmaltz [12] (see also [13] ). An SU (3) L × SU (3) R gauge symmetry is broken spontaneously via a bifundamental scalar φ to the diagonal SU (3) color . The SM fermions are charged under the full gauge group and transform as Q = (3, 1) and U, D = (1, 3). Additional heavy vector-like fermions are integrated out at the scale Λ inducing dimension five and six interactions between the light (SM-like) fermions and the axigluon [12] . The relevant effective Lagrangian at scales φ µ Λ is then
where L Yuk are the SM Yukawa terms and L φ contains the kinetic and potential terms for the scalar field φ.
To decorrelate FBA and CA the only necessary modification of the original construction [12] is to allow for sizable parity breaking in the new fermionic sector. As a consequence λ Q = λ U = λ D . For notational simplicity we keep λ Q,U,D flavor universal and the gauge interactions left-right symmetric, g L = g R ≡ g (we will relax both assumptions below). After SU (3) L × SU (3) R → SU (3) color breaking, diagonalizing the gauge boson mass matrix, and rescaling the fermion fields, one obtains a new effective Lagrangian at the EW scale
where G general case where g R = g L , the couplingsg Q,D,U can be arbitrarily large (up to the perturbative limit).
The partial decay width for the axigluon decaying topairs is
where r q = m 2 q /m 2 and theg U,D couplings apply for decays to up-and down-type quarks, respectively. The axigluon lighter than 2m t thus has a total decay width of Γ m 48π 5g
Forg i ∼ g s ∼ O(1), the axigluon decay width is sizeable, Γ ∼ 0.1m. The agreement with A C , A F B , and the inclusive tt cross section (σ tt ) at the Tevatron [14, 15] is shown in Fig. 2 for an axigluon massm = 350 GeV and decay width fixed to Γ = 0.2m for simplicity (this decay width is saturated for |g D | 3, otherwise flavor non-universal couplings to b R ,s R (larger than to d R ) are implicitly assumed). The predictions are made using FeynRules1.5.48 [16] We have checked that the benchmark satisfies all the remaining LHC and Tevatron constraints. The 350 GeV axigluon is below the tt threshold and does not produce a resonance in the differential dσ tt /dm tt distribution which is then in good agreement with the measurements. The dσ tt /dm tt spectrum would be an important constraint, though, for a heavier axigluon with non-universal g Q =g U =g D resulting in vectorial couplings of the axigluon to the SM quarks. The bump hunting and angular correlations measurements in dijet production at the LHC and the Tevatron are not yet sensitive to the axigluon with the benchmark point couplings (even if the decay width is smaller, e.g. Γ = 0.1m). More constraining is the CMS resonance search in paired dijets [20] . A qualitative comparison of the CMS data with our simulated LO SM and axigluon model predictions is shown in Fig. 3 , where we have assumed that the axigluon decays to two jets with a 100% branching fraction. For smaller decay widths, e.g., already for Γ = 0.1m, there would be an observable resonance peak in the distribution, which is excluded. A decay width of Γ = 0.2m implies that at our benchmark point the axigluon has large couplings to either s R , b R or both, for instancẽ g D (s R ) =g D (b R ) = −3.7, and can be searched for using the bb forward-backward asymmetry as we show below.
Electroweak Triplets. The cancellation between the uū and dd contributions is automatic for NP resonances that are electroweak triplets (EWT). As an example we consider a color octet EWT vector (model IV o in [22] ) with the interaction Lagrangian
where the SU (3) color and SU (2) L generators are normalized to Tr(
The tt production asymmetry is due to the s−channel exchange of the charge neutral V a,3 resonances. They couple to u L and d L with opposite signs, which leads to a natural suppression of ∆A C . Since the relative sizes and signs of C , A C and dσ tt /dm tt , reveals, however, that it is not possible to simultaneously satisfy all the above constraints within 1σ. The main reason is that accommodating both the FBA and the CA simultaneously, requires couplings todd currents much larger than toūu (c.f. Eq. (6)), something not allowed by the gauge symmetric structure of the model. Consequently, at present the model is disfavored. It could become viable again, if the present tension among the observed FBA and CA values is somewhat reduced by future more precise measurements.
Discovery observables. Finally, let us discuss the observables with the help of which the above NP models could be discovered at the LHC. Any NP model affecting the FBA and CA needs to couple to light quarks. More precise measurement of dijet production or paired dijet production could therefore reveal irregularities, though, as we have shown above, this could be challenging for broad resonances.
There are also several other common features of the models in which A C is suppressed. For instance, to have a large cancellation between uū and dd contributions, the couplings to down quarks are necessarily enhanced, c.f. Eq. (6). This then generically implies a significant effect in the bb forward-backward asymmetry at the Tevatron (though precise predictions are model dependent). In the asymmetric light axigluon model, for example, the couplings to b R and s R should be even further enhanced to make the axigluon broad. In Fig. 5 we show three representative cases. The first one is the benchmark point in Fig. 2 400 GeV (i.e. above the resonance mass), thus the extension of measurements to higher bb pair masses is highly desirable.
Another generic property of the models that will suppress the CA is that they contain new chiral couplings to quarks. 
13% and B
TEV helicity 7% at the Tevatron, where the numbers refer to different choices of the top spin quantization axis (c.f. [24] and references therein). At the LHC the effects are significantly diluted. We find that only the helicity axis polarization, B LHC7 helicity 2%, is larger than a percent. Conclusions. We have shown that the FBA in tt production at the Tevatron can in general be large, O(0.2), and the CA at the LHC remain small O(1%) (or even of the opposite sign). The reason is that the uū and dd contents of pp and pp initial states are different. For the CA to be small, the coupling of NP todd currents needs to be large and of opposite sign to the coupling of NP toūu. We have shown this using an effective theory analysis as well as for two explicit on-shell models: a light asymmetric axigluon model and a model with colored electroweak triplet vectors. The asymmetric light axigluon gives a good description of the present data (for both A C and A F B as well as other collider constraints), and predicts generically a large bb forward-backward asymmetry and observable top polarization in tt production.
